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In Brief
Stomatal closure critically depends on K + release from the guard cell vacuole. Isner et al. show that the TPK1 vacuolar K + channel is important for ABA-and CO 2 -mediated stomatal closure and that channel activation involves TPK1 phosphorylation by the KIN7 receptorlike protein kinase, which co-expresses in the tonoplast and plasma membrane.
SUMMARY
Stomata are leaf pores that regulate CO 2 uptake and evapotranspirational water loss. By controlling CO 2 uptake, stomata impact on photosynthesis and dry matter accumulation. The regulation of evapotranspiration is equally important because it impacts on nutrient accumulation and leaf cooling and enables the plant to limit water loss during drought [1] . Our work centers on stomatal closure [2] [3] [4] [5] [6] . This involves loss of potassium from the guard cell by a two-step process. Salt is released across the plasma membrane via anion channels such as SLAC1 [7] [8] [9] and depolarization-activated channels such as GORK [10, 11] , with the net result that cations and anions exit guard cells. However, this critically depends on K + release from the vacuole; with $160 and 100 mM K + in cytoplasm and vacuole of open guard cells [12] , vacuolar K + efflux is driven by the negative tonoplast potential, and this expels K + from the vacuole via tonoplast K + channels like TPK1. In all, guard cell salt release leads to a loss of turgor that brings about stomatal closure. First, we show that the TPK1 vacuolar K + channel is important for abscisic acid (ABA)-and CO 2 -mediated stomatal closure. Second, we reveal that, during ABA-and CO 2 -mediated closure, TPK1 is phosphorylated and activated by the KIN7 receptor-like protein kinase (RLK), which co-expresses in the tonoplast and plasma membrane. The net result is K + release from the vacuole. Taken together, our work reveals new components involved in guard cell signaling and describes a new mechanism potentially involved in fine-tuning ABA-and CO 2 -induced stomatal closure.
RESULTS AND DISCUSSION
The tonoplast-located channel AtTPK1 [13, 14] was previously shown to affect ABA-induced stomatal closure in Arabidopsis [15] . In this investigation, we used patch-clamp electrophysiology to show that guard cell (GC) vacuolar preparations exhibited TPK1 activity ( Figure 1A ). Tonoplast channels may show tissue-specific properties as were shown for TPC1 [16] . However, single-channel conductance and weak voltage dependence of GC TPK1 activity were the same as previously reported for TPK1 currents from mesophyll cell vacuoles [15] . Addition of 0.5 mM Mg-ATP to the cytoplasmic side of the membrane led to a rapid but moderate increase in channel activity. Channel activity was further increased when both Mg-ATP and 14-3-3 protein were present, as was shown previously for TPK1 in mesophyll cells [17, 18] . On average, ATP alone caused an increase in channel activity that was equivalent to an increase in open time (and therefore current) of $50%, whereas ATP+14-3-3 more than tripled open probability and current ( Figure 1B) .
The S42 residue forms part of the 14-3-3 binding domain in the TPK1 N terminus, and by using a reconstituted TPK1 N terminus, Latz et al. [18] showed that S42 phosphorylation is required for TPK1-14-3-3 interaction. To test whether the same residue is responsible for the phosphorylation-dependent changes in GC TPK1 activity, we transiently expressed a mutated (S42A) version of TPK1 in the tpk1 T-DNA knockout background [15] . The S42A version mimics a constitutively non-phosphorylated form. Normal currents were recorded showing that the channel is fully functional ( Figure 1A ), but the stimulating effects of both ATP and ATP+14-3-3 were abolished ( Figure 1B) . Taken together, these data show that, in GCs, TPK1 shows low basal activity, which increases after phosphorylation at S42 and is further elevated after binding of 14-3-3. Figure S1 shows that these characteristics were retained when measuring macroscopic currents.
ABA Causes Phosphorylation of TPK1 In Planta
Knowing that ABA induces stomatal closure, we decided to test whether TPK1 phosphorylation is ABA dependent. GC protoplasts were isolated from the tpk1 mutant that had been transiently transformed with TPK1::YFP (yellow fluorescent protein) (molecular weight [MW] 67.7 kD) and were then probed with a phosphoserine-specific antibody that recognized the phosphorylated 14-3-3 binding domain [19] . Figure 1C shows a band around 70 kD that increased in intensity after ABA treatment and was absent in the (non-transformed) tpk1-null mutant. We also tested whether ABA increased TPK1 phosphorylation in intact tissue; treating leaves with 40 mM ABA for 1 hr led to increased TPK1 phosphorylation detected in isolated GC protoplasts ( Figure 1D ). On the basis of densitometry, 2.5-to 3-fold higher phosphorylation signals were recorded after ABA treatment ( Figure 1E ). These data allow us to conclude that phosphorylation of TPK1 is regulated by ABA and opens up the possibility that this is part of the GC ABA signaling network and may be necessary for stomatal closure. It would be interesting to further test this idea using a phosphomimic TPK1 version, for example, through substitution of S42 with glutamate. Such genotypes could be evaluated for their transpirational flux, steady-state stomatal conductance, and responses to various stimuli.
A Receptor-like Kinase Is Involved in TPK1 Phosphorylation To help identify the protein kinase that was responsible for TPK1 phosphorylation, we interrogated the SUBcellular localization for Arabidopsis proteins (SUBA) database (http://suba3. plantenergy.uwa.edu.au/) for protein kinases that are annotated as tonoplast localized. A total of 22 kinase isoforms was found, and loss-of-function mutants were obtained for 16 of these (Table S1 ). Mutants were tested for an altered channel ''activation response'' to ATP and 14-3-3 (Figures S2A and S2B; Data S1). The amount of activation generated by ATP varied but was not significantly different between any of the genotypes ( Figure S2B ). However, activation by ATP+14-3-3 was significantly (p < 0.001) lower in the kin7 mutant compared to that observed in wild-type (WT). Furthermore, a role for KIN7 in TPK1 phosphorylation was confirmed by the large reduction in ABA-induced TPK1 phosphorylation in the kin7 loss-of-function mutants ( Figure 1E ).
KIN7 is ubiquitously expressed in all leaf tissues, but to investigate whether KIN7 and TPK1 physically interact at the GC tonoplast, we employed a bimolecular fluorescence complementation (BiFC) strategy [20, 21] . Figure 2A shows an intact and an osmotically ruptured GC protoplast co-transformed with TPK1-YFP Nt and TPK1-YFP Ct . As expected, fluorescence is clearly localized in the tonoplast. Similar to the results with TPK1 only, when TPK1-YFP Ct was co-transformed with KIN7-YFP Nt , there was a prominent fluorescence signal ( Figure 2B , bottom left) in many protoplasts. After osmotic lysis, clear but low-intensity (E) Densitometry-based (n = 3; bars denote SE) fold changes in TPK1 phosphorylation in control (WT-con) and ABA-treated (WT_ABA_L) leaves or protoplasts (WT_ABA_P) and in null mutants of the LRR kinase KIN7 (kin7_ABA). Data were analyzed using one-way ANOVA with Tukey post hoc analysis comparison with control conditions, asterisks denoting p < 0.05. See also Figure S1 , Table S1 , and Data S1. fluorescence signal could be observed in the tonoplast of some cells ( Figure 2B , bottom right). In contrast, when TPK1-YFP Ct was co-transformed with KIN8-YFP Nt (a kinase very similar to KIN7; see Table S1 ), no signal was observed in intact or lysed protoplasts ( Figure 2C ; n > 200). BiFC experimentation with KIN12, another comparable kinase (Table S1 ), produced fluorescence signal but never in the tonoplast ( Figure S2 ; n > 200). These results suggest that TPK1 and KIN7 can directly interact at the tonoplast but that either the incidence is low (see Figure S2 ) or, alternatively, that relatively few proteins are involved.
Apart from electrophysiology and BiFC, we employed a third strategy to probe TPK1-KIN7 interaction. Pull-down assays were carried out where the TPK1 N terminus containing the 14-3-3 domain was used as bait [19] and plant extract derived from shoot tissue expressing KIN7::YFP as prey. Figure S3 shows that, in addition to the BiFC and the electrophysiological data, pull-down assays too confirm the interaction between TPK1 and KIN7.
kin7 and tpk1 Are Compromised in ABA and CO 2 -Induced Stomatal Closure Previously, we showed that, in tpk1 loss-of-function mutants, ABA-induced stomatal closure is slower than in WT [15] . In the light of our data that TPK1-mediated K + release is likely to depend on KIN7-mediated TPK1 phosphorylation, we compared the kinetics of stomatal closure in WT, tpk1, and kin loss-of-function mutants. When ABAinduced stomatal closure was measured in tpk1, a reduced closing response was observed ( Figure 2D ) as was previously observed [15] . In two independent mutant alleles of kin7, delayed ABA-induced closure was also observed. When the kin7-1 line was rescued with a 35S:KIN7:YFP construct, the transformed line reverted to the WT phenotype. These results suggest that TPK1 and KIN7 are part of the GC ABA signaling network. This idea is supported by the observation that ABA-dependent TPK1 phosphorylation was greatly reduced in both kin7 mutants ( Figure 1E ). To investigate whether TPK1 and KIN7 are involved in other stimuli that cause stomatal closure, we exposed the WT, tpk1, and kin7 mutants to elevated levels of CO 2 . Figure 2E shows that tpk1 and kin7 mutants are markedly unresponsive to 1,000 ppm CO 2 whether assayed after 3 hr ( Figure 2E ) or during continuous conductance measurements ( Figure S3 ). These data suggest that TPK1 and KIN7 are also involved in the GC CO 2 signaling network.
The latter begs the question whether the KIN7-14-3-3-TPK1 pathway also pertains to other closing stimuli, such as the transition from light to dark or a reduction in relative humidity. Preliminary experiments did not show any drought-related phenotype in tpk1 mutants, but because the tpk1 stomatal phenotype primarily affects closing dynamics rather than the absolute conductance levels [15] , more subtle treatments, such as alternating relative humidity, may be required. Transition to darkness is another stimulus, which so far has not been investigated in either the tpk1 or kin7 genetic background. Future testing of these and other closing stimuli should help determine whether the signaling mechanism we describe has more general validity.
The KIN7 Kinase Shows Dual-Membrane Localization As there are reports that KIN7 is localized to the plasma membrane (SUBA: http://suba2.plantenergy.uwa.edu.au/), we decided to test whether this protein had a dual-membrane localization in GCs. To test this, we used KIN7::YFP fusion proteins that were stably expressed under control of the 35S promoter or the endogenous KIN7 promoter. In GC protoplasts derived from transgenic lines, KIN7-YFP was occasionally observed in both plasma membrane and tonoplast ( Figures  3A-3F ). However, in most cases, plasma membrane signal greatly predominated ( Figures 3C and 3D ) to the extent that the tonoplast signal was only detected after osmotic lysis (Figures 3E and 3F) when weak but distinct fluorescence can be distinguished in a proportion of cells, as was seen in the BiFC experiments. This pattern was consistent for KIN7-YFP expression, irrespective of the promoter-driving expression ( Figure S4 ), and clearly points to dual localization of KIN7. The latter prompted us to investigate whether KIN7 localization is sensitive to ABA. One-half of a KIN7-YFP-transformed GC population was treated with 40 mM ABA, and subsequently, the proportion of protoplasts with tonoplast-located signal was determined. Figure 3G shows that the fraction of cells with tonoplast signal more than doubles after exposure to ABA in a time-dependent manner. To independently confirm these findings, we carried out western analyses on tonoplast-enriched membrane fractions using the tonoplast aquaporin TIP1;1 as a tonoplast-specific marker [22] . Figure 3H shows that initially there is a minimal KIN7 signal in the lower phase of a two-phase partitioned membrane prep. However, relative to the tonoplast marker TIP1;1, and within 30 min ABA exposure, the KIN7 signal is greatly enhanced to more than 4-fold the initial value ( Figure 3I ) whereas similar experiments using high-CO 2 treatment (1,000 ppm; 3 hr) showed comparable results with an approximately 3-fold increase toward tonoplast expression ( Figure S4 ). These results show that ABA may affect TPK1 activity in less than 30 min. Cation flux measurements from Commelina epidermal strips [23] show remarkably similar kinetics of 10-20 min between ABA addition and cation release. However, these values are considerably slower than what has been seen for some plasma membrane anion channels. For example, Levshenko et al. [24] recorded anion channel activation 1 or 2 min after ABA exposure. There may be several explanations for this difference; anion channel activation is one of the first responses to ABA and may therefore precede slower cation channel activation. TPK1 activation in intact tissue may be accelerated by unknown cell wall components or, alternatively, different ABA receptors may be involved in the coupling to various membranes.
The above results show that ABA and CO 2 treatment led to an increase in tonoplast KIN7 signal. The data do not allow to distinguish whether elevated tonoplast expression was due to de novo expression or a consequence of intracellular trafficking. However, preliminary experiments where tissue was treated with cycloheximide (a protein synthesis inhibitor) or chlorpromazine (an endocytosis inhibitor) suggest that tonoplast KIN7 expression was not affected by cycloheximide ( Figure S4 ) but sensitive to chlorpromazine. Such results suggest that endocytosis, rather than de novo protein synthesis, is an essential feature of the shift in KIN7 expression toward the tonoplast. 
Conclusions
There are a number of conclusions that can be drawn from our work. Our data showing that TPK1 and KIN7 are involved in CO 2 and ABA are further evidence that both these closure signals are able to access a common set of signaling components, whose role it is to bring about stomatal closure [25] . In addition to identifying that TPK1 activity is regulated by protein phosphorylation, we also report the identity of the regulatory protein kinase. KIN7 has all the hallmarks of a leucine rich repeat (LRR)-receptor kinase. It is ubiquitously expressed in many tissues, including mesophyll cells. In addition to GCs, mesophyll cells have been shown to respond to ABA, for example, by reducing cell volume [26] . This opens the possibility that, in mesophyll cells too, KIN7-mediated TPK1 activation plays a role in ABA signaling. Preliminary patch-clamp recordings suggest that KIN7 does impact on TPK1 activity in mesophyll cells, which supports the above idea, but whether this is linked to phosphorylation and 14-3-3 binding of mesophyll cell TPK1 remains to be tested.
Another major question to emerge from our work is: what is the link between perception of ABA and CO 2 on the one hand and activation of KIN7, binding of 14-3-3, and activation of TPK1 on the other? Upstream signaling components could include well-known players, such as ABA insensitive (ABI) and OST gene products. Further experimentation with ABA-signaling mutants or ones in CO 2 signaling components, such as HT1 kinase, RHC1, and RBOH-D/F, will help reveal such interactors. Downstream, 14-3-3 must bring about a conformational change that greatly stimulates channel opening. One mechanism suggests that the TPK1 gate is directly controlled via Ca 2+ binding to C-terminal EF domains [27] , and a model where 14-3-3 sensitizes TPK1 Ca 2+ dependence not only provides a mechanistic explanation but could be tested using electrophysiology. It is noteworthy that ABA treatment has been reported to result in KIN7 phosphorylation at its C terminus [28] . If the phosphorylation results in alterations to KIN7 activity, this would suggest that at least one additional protein kinase is involved in this signaling network. Our data showing that KIN7 is localized at both the plasma and tonoplast membranes are supportive of a dynamic, stimulus-induced mechanism of TPK1 regulation. Inhibition by the endocytotic inhibitor chlorpromazine of the relative shift toward tonoplast expression of KIN7 suggests that the observed increase in KIN7 tonoplast localization does not originate from de novo KIN7 biosynthesis but occurs via a hitherto uncharacterized trafficking pathway. Although such findings can only be preliminary and will need further support, retrograde endocytotic trafficking of plasma membrane proteins to endocompartments has been reported: in animals, compartmentalization of receptor kinases generates endosome-specific signal transduction complexes [29] . In plants too, trafficking of the steroid receptor kinase BRI1 to endosomal vesicles is believed to be important in intracellular signaling [30] .
Control of TPK1 activity through the stimulus-induced localization of KIN7, be it via modulation of expression or via trafficking, represents an attractive mechanism for exerting control over K + efflux from vacuoles.
We have summarized what we know about this pathway in the schema described in Figure 4 .
What might be the function of this form of regulation? Our phenotypic data showing that mutants in this pathway are distinguished by exhibiting slower rates of closure suggest that this pathway might be in the fine tuning of stomatal responses rather than switching closure on (or off). However, a better understanding awaits the discovery of additional components in the network.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Table S1 ).
METHOD DETAILS Plants
Arabidopsis thaliana (L) ecotype Columbia (0) wild-type, tpk1 and kinase mutants were grown for 3 to 4 weeks in soil (F2, Levington, UK) at 18/22 C night/day temperature in a glasshouse with day lengths of 14 h, supplemented with artificial light of around 200 mmol m -2 sec -1 as described [17] . T-DNA insertion lines for kinase mutants and the forward and reverse primers that were used to test for homozygosity and transcript can be found in Tables S1 and S2 .
Cloning of kinases in the BiFC vector KIN8 and KIN12 were cloned from cDNA produced from total RNA: Total RNA was extracted from Arabidopsis leaves with RNeasy Plant Mini Kit (QIAGEN GmbH, Germany). First strand cDNA was synthesized using SuperScript II Reverse Transcriptase kit (Life Technologies Ltd, UK) with the following primers: kin8bifcfwd and kin8bifcrev, kin12bifcfwd and kin12bifcrev (Table S2 ). KIN8 and KIN12 fragments were amplified using kin8bifcfwd+kin8bifcrev and kin12bifcfwd+ kin12bifcrev primers respectively (Table S2) . KIN7 was PCR-amplified from the full-length cDNA clone U12357 (http://abrc.osu.edu/) using the kin7bifcfwd and kin7bifcrev primers (Table S2) . Amplified fragments were digested using SpeI and XhoI for KIN7 and KIN8 or BamHI and XhoI for KIN12 and inserted in pSPYNE [20] .
Quantification of BiFC signals
To be able to compare BiFC signals from various combinations, ImageJ software [31]) was used to measure signal intensity from the vacuolar and plasma membranes. Values were corrected by subtracting signal intensity from nearby background. Signal from TPK1_YFP_Nt+TPK1_YFP_Ct (which forms a dimer) was used as positive control and the signal from kin12_YFP_Nt+TPK1_YFP_Ct (which shows signal in ER and PM but not, or extremely little, in the tonoplast) used as negative control. Quantitative data for BiFC fluorescence signal are shown in Figure S2 .
TPK1 pull-down assay Pull-down assays were used to confirm the interaction between the N terminus part of TPK1 and KIN7. The sequence corresponding to the first 81 amino acids of TPK1 (NTPK1) was amplified by PCR using tpk1bamhIf and tpk1xhoir primers (Table S2 ) and cloned into the pGEX6P-1 vector (GE Healthcare, Amersham, UK). GST and GST::NTPK1 expression was induced in 1l culture of E. coli BL21 at 37 C with 1mM IPTG for 4 hr. Cells were collected and lysed in PBS-T buffer (PBS pH 7.3, 0.1% Trion X-100) by sonication. After centrifugation, the lysate was cleared using 0.45 mm filters. GST or GST::NTPK1 was bound to 500 ml of Glutathione Sepharose 4B (GE Healthcare, Amersham, UK) for 2h. 50 ml bead aliquots washed with buffer P (HEPES 50mM pH7.3, 2mM CaCl2, 2mM MgCl2, 2mM KCl, 100mM NaCl, 1% CHAPS) and protease inhibitor cocktail IV (Calbiochem, Merck, Feltham, UK) were incubated overnight with either proteins extracted with buffer P from plants expressing wild-type KIN7 or KIN7::YFP. The next day, beads were washed 4 times with the same buffer. Bound proteins were eluted with SDS-PAGE Protein Sample Buffer (2 3 ) and loaded on a 10% acrylamide gel. Western blotting was performed as described previously [32] . Rabbit anti-GFP (Thermofisher, Paisley, UK) and swine anti-rabbit Immunoglobulins HRP (Agilent, Stockport, UK) were used and the resulting signal in the presence of Luminata Forte substrate (Merck, Feltham, UK) was imaged with Fusion Pulse imaging system (Vilber Lourmat, Marne-la-Vall ee, France). Cloning of KIN7:YFP and Arabidopsis plant transformation KIN7 was PCR amplified from the clone U12357 (http://abrc.osu.edu/) with the kin7yfpfwd and kin7yfprev primers (Table S2) and inserted in the pART7 vector [33] . The NotI fragment containing the 35S:KIN7:YFP fragment was subsequently inserted in pGREEN0229. Arabidopsis plants were transformed by floral spraying as described in [33] . Briefly, Agrobacterium was grown in 50 mL liquid YEB medium for two days or until the OD reached 3. The cells were spun down (5 min, 4000g) and resuspended in 20 mL of 0.1x MS medium, 5% sugar, 0.1% Silwet L-77, pH 5.7. Every two weeks, flowering plants were sprayed with Agrobacterium using an airbrush. For pKin7::KIN7:YFP, 589bp upstream of the ATG was amplified from genomic DNA with promkin7fwd and promkin7rev primer (Table S2 ). This Fragment was inserted in the 35S::KIN7::YFP vector instead of the 35S promoter, which was removed using StuI and XhoI.
Protoplast isolation
Guard cell protoplasts were isolated as described by Pandey et al. [34] . 40 fully expanded leaves were blended in water for 1 min using a waring SS515 Blender (Cole-Parmer UK) and poured onto a 200 mM mesh to collect epidermes. Epidermes were incubated in 45% H 2 O, 55% basic solution (0.5 mM CaCl 2 , 0.5mM MgCl 2 , 0.01 mM KH 2 PO 4 , 0.5 mM ascorbic acid, 550 mM sorbitol, 0.2% BSA, 0.7% cellulysin, 5 mM MES/Tris pH 5.5) for 1.5 h at 30 C. The epidermes were then incubated in basic solution supplemented with cellulase Onozuka RS 0.01% and pectolyase Y23 for 1 h at 30 C. Guard cell protoplasts were collected after passing the solution through a 20 mm mesh.
Mesophyll protoplast were extracted from Arabidopsis leaves according to {Isayenkov, 2011 #4}. Leaves were cut in 1-mm sections and digested for 4 h in an enzyme solution containing 1.5% cellulose RS, 0.75% macerozyme, 0.6 m mannitol, 10 mm 2-(N-morpholine)-ethanesulphonic acid (MES), pH 5.6 and 1 mM CaCl 2 , in which proteases were heat inactivated for 10 min at 55 C. Protoplasts were filtered and centrifuged for 3 min at 500 g and resuspended in protoplast incubation solution (0.6 M mannitol, 4 mM MES, pH 5.7, 4 mM KCl and 3 mm CaCl 2 ) Electrophysiology Vacuole release, equipment, and analyses were as described in Maathuis et al. [35] . After transfer of protoplasts to the recording chamber, vacuoles were released by washing protoplasts with a solution containing 10 mM EDTA, 10 mM EGTA, pH 8 with an osmolarity of 350 mOsM. Standard experimental solutions for bath and pipette contained 100 mM KCl, 0.1 mM CaCl 2 , 5 mM MES/Tris pH 7 and sorbitol adjusted to 430 mOsm total osmolarity. Open probability (Po) was calculated as described in Gobert et al. [15] and defined as: Po = (t_open/t_total)/n where 'n' is an estimate of the number of channels in the membrane patch derived from the maximum number of open levels observed in the recording. Recordings of 60 s duration (t_total) at a membrane potential of À80 mV were analyzed by using a 50% threshold technique to define current transitions and calculate t_open to determine Po. Open probability data were obtained from 3 to 10 individual protoplasts (see Figure S2 and Data S1). To compare different genotypes, the increase in Po in response to ATP and ATP+14-3-3 was calculated for each experiment and 'fold changes' were subsequently averaged across experiments. ATP was added as Mg-ATP at a final concentration of 0.5 mM. 14-3-3 protein (as Hv14-3-3B or Hv14-3-3C; GenBank accessions X93170 and Y14200 respectively [36] was a kind gift from Bert de Boer (Vrije Universiteit, Amsterdam) and added to a final concentration of 0.2mg/ml.
Imaging
Intact and osmotically disrupted guard cells were photographed on a Zeiss epifluorescence microscope using bright light, DIC or epifluorescence (465-495 nm excitation and 515 nm emission wavelength) with a 20x, 40x or 63x objective. Confocal imaging was performed using a Zeiss LSM510 Meta microscope (Carl Zeiss, http://www.zeiss.com).
Leaf Stomatal conductance and apertures
To record responses to ABA, leaves of mature plants were removed at approx 10:00h and incubated in 'opening' buffer (10 mM KCl, 10 mM MES-KOH pH 6.15) for 2 h in the light to induce maximum opening. Subsequently, H 2 O gas exchange was determined (in the same buffer) using an infrared gas analyzer, Li-Cor 6400 (LI-COR, Cambridge, UK) to obtain a starting conductance value. Subsequent values were obtained after 30 min incubation in control (no ABA) or ABA (1, 10 or 100 mM final concentration) buffer. Each experiment was carried out using three leaves and in total 12-24 leaves from 3-4 individual plants were used for each treatment. Changes recorded in control treatments (no ABA) were subtracted from those obtained from ABA treated leaves.
To obtain time courses for the response to elevated [CO 2 ], stomatal conductance was measured using infrared gas analysis. Measurements were performed using a portable photosynthesis system attached to a leaf chamber with a 2.5 cm 2 leaf area (Walz GFS-3000). CO 2 was scrubbed from external air using soda lime and resupplied from a liquid CO 2 cartridge to maintain CO 2 concentrations of either 400 or 1000 ppm. Temperature was maintained at 22 C and the absolute humidity to 16000 ppm to obtain a relative humidity of 64.5%. Air flow was 400 mmol.s -1 , light intensity was 120 mmol.m -2 s -1 . For each measurement, an individual mature leaf was placed in the leaf chamber, while still attached to the plant. Leaves were left in the chamber for 30 min before measurements were taken to allow them to acclimatise to chamber conditions and for gas exchange to stabilize. Measurements were then logged every 10 s and averaged every 2.5 min. Data represent the mean +-SEM from 3 different plants.
To obtain stomatal apertures, leaf epidermes were removed from fully expanded leaves of 5 to 6 week old plants. They were collected cuticle-side up on CO 2 -free 10 mM MES/KOH (pH 6.15) in 5cm Petri dishes (Sterilin, UK) at 22 C for 30min. Epidermal peels
